Acute memory deficits in chemotherapy-treated adults Many believe that early long-term memory (LTM) is initiated by rapid consolidation triggered at encoding and that it lasts between 10 minutes and several hours (Kandel, Dudai, & Mayford, 2014; McGaugh, 2000) . More slowly triggered consolidation then enables memories to last for hours, days, or longer (Wixted, 2004) . Research in animal models has revealed double dissociations between rapid and slow consolidation and provided substantial evidence that drug-induced de-novo protein synthesis disruption impairs slow consolidation and accelerates forgetting over 24 hours (Kandel et al., 2014; McGaugh, 2000) . By contrast, there is only sparse evidence for dissociation between fast and slow consolidation in humans. Here we report results from the first study of the cognitive effects of acute cancer chemotherapy treatment in humans, providing preliminary for this dissociation.
The canonical human memory literature does not currently distinguish between minutes-long "early" and hours-or-days long "delayed" LTM. This is partly because human forgetting curves (which depict performance on LTM tests as a function of time since encoding) are typically monotonically decreasing, and described well by a power function (Kahana & Adler, 2002; Rubin et al., 1996; Wixted, 1990) . The single dissociation between early and delayed LTM is well established. There is ample evidence that the hippocampus is key to memory persistence, although exactly what that entails is still actively debated (Carlesimo, Cherubini, Caltagirone, & Spalletta, 2010; Dewar, Della Sala, Beschin, & Cowan, 2010; Gershman, Blei, & Niv, 2010; Hardt, Nader, & Nadel, 2013; Kopelman et al., 2007; Mayes & Roberts, 2001 ). Damage to the hippocampus, other medial temporal lobe structures and their connections, leads to an accelerated loss of the ability to freely recall recent inputs. Free-recall performance is decreased when tested within the first 10 minutes, after which free recall is usually poor (Isaac & Mayes, 1999a , 1999b . Evidence for the reverse dissociation is less well established. Some patients with temporal lobe epilepsy show normal free recall within the first 10 minutes after encoding, but accelerated long-term forgetting (ALF) as indicated by free-recall measures in delayed tests (Alber, Della Sala, & Dewar, 2014; Elliott, Isaac, & Muhlert, 2014; Hoefeijzers, Dewar, Della Sala, Butler, & Zeman, 2015; Isaac & Mayes, 1999a , 1999b . The strength of these dissociations between organic amnesia and ALF is disputed, but if replicated, these findings support a distinction between human rapid and slow LTM consolidation.
Determining whether there is more than one kind of consolidation in humans might be helped by directly manipulating the putative neurobiological processes, using distinct pharmacological treatments. Clearly, we cannot administer drugs to humans that may cause amnesia. In this study, we took a novel approach to address this challenge, by examining, for the first time, rapid and slow consolidation in non-Central Nervous System (nCNS) cancer patients who have undergone chemotherapy.
Cancer chemotherapy treatments are interesting for the study of memory consolidation for two reasons. First, chemotherapy treatment involves the delivery of drugs that are very toxic to humans. While not all cytotoxic drugs cross the blood-brain barrier, pro-inflammatory cytokines that are triggered by the treatment can reduce the protective capabilities of the barrier, allowing some of the cytotoxic drugs to cross it (Coussens & Werb, 2002; Pan et al., 2011; Terrando et al., 2010) . The CNS effects of cytotoxic drugs may be due to the disruption of the blood-brain barrier itself, increase of cytokine expression in the CNS, or oxidative stress (Ahles & Saykin, 2007; Seigers & Fardell, 2011) . For instance, while anthracyclines do not readily cross the blood-brain barrier (da Ros et al., 2015) , in animals they have nevertheless been linked to apoptosis, inhibition of neuro-and gliogenesis (Dietrich, Prust, & Kaiser, 2015; Kaiser, Bledowski, & Dietrich, 2014) , and reductions in serotonin-induced long-term synaptic facilitation, required for the activation of LTM consolidation processes (Liu, Zhang, Coughlin, Cleary, & Byrne, 2014) . These neurobiological effects have consequences for memory; for example, suppression of neurogenesis in the medial temporal lobe disrupts hippocampus-dependent memories (Arruda-Carvalho, Sakaguchi, Akers, Josselyn, & Frankland, 2011; Luu et al., 2012; Sahay et al., 2011; Zhang, Zou, He, Gage, & Evans, 2008) . Indeed, research in animals shows that even the first chemotherapy treatment impairs memory; impairments can increase in severity as treatment progresses (Rzeski et al., 2004) and are associated with neuronal damage (Dietrich et al., 2015; Kaiser et al., 2014) .
Second, although the acute effects of cancer chemotherapy treatment on memory are not known, it is well established that cancer survivors treated with chemotherapy exhibit chronic structural and functional brain damage and cognitive difficulties. This literature is heterogeneous, but most cross-sectional behavioural studies, recent longitudinal studies (Janelsins, Kesler, Ahles, & Morrow, 2014) , and structural and functional imaging evidence (Deprez, Billiet, Sunaert, & Leemans, 2013; Pomykala, de Ruiter, Deprez, McDonald, & Silverman, 2013; de Ruiter & Schagen, 2013) have consistently demonstrated chronic impairments in memory, executive functions, and the brain regions that subserve them. Declarative memory is one of the cognitive functions most frequently affected (Lindner et al., 2014; Saykin, de Ruiter, McDonald, Deprez, & Silverman, 2013) . Crucially, these behavioural markers and structural/functional brain changes are independent of anxiety, depression, or any other patient-reported outcomes.
Taken together, cancer chemotherapy treatment is thought to induce changes in the brain that impair memory acutely and chronically. This presents an interesting opportunity to study consolidation causally, under controlled conditions, in a population without neurological or psychiatric history. Beyond this theoretical interest, evidence for the acute cognitive effects of chemotherapy has obvious clinical relevance, with potential impact on patient-doctor communication practices. The reason the effects of acute chemotherapy on cognition have not been studied until now has to do with the obvious challenges of conducting experiments during a very sensitive time for patients, within weeks after diagnosis and around the onset of a difficult treatment. We report the results of a small study, with 10 non-CNS cancer patients (and their matched controls) where we examined 2-minute and 24-hour delayed memory before, and immediately after patients' very first chemotherapy treatment. We hypothesised that patients will exhibit accelerated forgetting following their first treatment, both relative to their pre-treatment performance and to that of matched controls. We suspected that cancer treatment may disrupt de-novo protein synthesis and hence impede slower memory consolidation whether or not learning and/or retrieval are also disrupted. Our results suggest that slow consolidation is impaired in this group, in agreement with our hypothesis, but the small sample size means that they can only be considered preliminary. We report them in order to encourage larger studies of this topic.
Methods

Participants
The study was approved by the National Research Ethics Services Committee North West. Exclusion criteria common to all participants included a previous history of cancer and/or chemotherapy, hormonal treatment, cranial irradiation, brain injury, a history of mental health problems or substance abuse, previously exposed to mood altering drugs, or if they were not proficient in English.
Patients
Cancer patients were recruited to the study between November 2011 and April 2014. Patients were approached by their clinical team if they were between 16 and 50 years old and had been diagnosed with one of four cancers most prevalent in working age young and middle aged adults (CRUK, 2014) : sarcoma, lymphoma, breast cancer, or germ cell tumour. Because the mechanism with which cytotoxic drugs disrupt the CNS are varied and ultimately not yet known, and because most chemotherapy regimens involve the administration of multiple cytotoxic agents, we did not limit inclusion to patients receiving drugs known to cross the blood-brain barrier. To be included in the study, patients had to be available to be evaluated before their adjuvant or neoadjuvant treatment. Figure 1 depicts the recruitment process. The self-exclusion of unwell patients suggests that the participants who completed Session 3 may have had a better health and emotional status compared to decliners. Due to logistical difficulties, three participants could not be tested using a computer in either Sessions 2 or 3. To be cautious, the final sample only includes patients who were tested on the computerised version of the task, but we also comment on any differences between the analyses of the two samples. All patients in the final sample had received antiemetics as part of their first treatment. None had additional medical co-morbidities. All women were premenopausal. There were no differences in the distribution of diagnoses, demographic details, neuropsychological characteristics, or patient-reported outcomes between the patients who took part in this study and those who did not (supplementary Tables S1-S2).
Controls
Control participants (N = 10), recruited through adverts, were matched to patients on education, sex, and age (±5 years). There were no significant differences between participants on any demographic variables (Table 1 ).
Instruments
Word lists
Five different word lists were created in a pilot study using 60 young adults. The words consisted of concrete nouns Figure 1 . Flowchart of patients included in study and analyses.
from the Snodgrass and Vanderwart (1980) database. To limit proactive interference and list confusions each list contained 24 words from two categories representing one natural and one man-made concept. Category names were used as semantic cues for free recall in the beginning of each Session. Lists were equivalent in familiarity and word frequency and were 4-10 letters in length (supplementary Table S3 ). The first two letters of each word were unique and served as a cue in the cued recall test. Three lists were selected for each patient and one list allocated to each Session through a balanced Latin square method (Reese, 1997 ).
Distracter task
The task consisted of 2 similar pictures containing 15 differences. Participants were asked to find as many differences as they could within 2 minutes.
Additional tests
Education is often used as a proxy of general intellectual performance to enable matching between groups (Neisser et al., 1996) , although this may not be sufficient in between-group cognitive studies (Deary & Johnson, 2010) . Following on from the discussion in Lindner et al. (2014) we attempted to match the groups better by measuring full-scale IQ through the Wechsler Test of Adult Reading (WTAR, Strauss, Sherman, & Spreen, 2006) , a good estimate general cognitive functioning. To control for potential confounders and adhere to the recommendations of the International Cognition and Cancer Task Force (ICCTF, Wefel, Vardy, Ahles, & Schagen, 2011) we attempted to evaluate patients' neuropsychological status with standardised measures. We also asked participants to fill in several questionnaires at home and send them back to us in a self-addressed envelope. Logistic difficulties, inherent to clinical settings, meant that not all patients were able to complete all the neuropsychological and patient-reported outcomes measures. Available results (supplementary Table S2 ) suggest that our sample generally exhibited low level of emotional distress, and were not very different from controls on learning and memory measures. All participants completed the WTAR, which we were therefore able to include as a covariate in the analyses.
Procedure
A difficulty in carrying out repeated memory tests in clinical settings is that instruments recommended in neuropsychological studies of cancer patients (Vardy, Wefel, Ahles, Tannock, & Schagen, 2008) cannot longitudinally assess forgetting across a 24-hour period, a feature we particularly wanted to examine. To address this, we designed a new word-learning task. The specific testing procedure, has a strong theoretical justification to enable the investigation of learning, forgetting, and retrieval processes. Figure 2 provides a graphical summary of the procedure. The task was administered in three Sessions, one per day, over three consecutive days. Patients received the first treatment after the first two Sessions and before the third. Sessions were short (10-15 minutes) to facilitate the administration of this non-routine test before and after patients' first treatment.
The task was modelled after the Rey Auditory Verbal Learning Test (RAVLT, Strauss et al., 2006) . It was short and flexible enough to be administered to patients before and immediately after their first treatment, and sensitive enough to capture and differentiate between potentially mild learning, consolidation, and retrieval deficits, which could all underlie impaired memory (Mayes, Ewing sarcoma patients received VAI as part of neoadjuvant treatment, hence were evaluated pre-surgery. The remainder were due for adjuvant treatment and were evaluated post-surgery; M = mean, SD = standard deviation.
1995; Mayes & Roberts, 2001 ). The differences between our task and RAVLT were the use of categorised words (limiting interference in a delayed recall context); the increased number of items and reduced number of learn/recall trials (limiting ceiling effects); the inclusion of an unrelated distracter task before the final free recall (limiting recall from working memory and potential interference inherent to verbal tasks); and the use of a cued recall test to tap into memory performance under aided retrieval conditions (avoiding potential ceiling effects expected in a recognition test). The exact instructions used for each session are provided in the Supplementary Material. In each Session, each word list was studied, tested through free recall, studied again, and tested again through free recall. During study, each word was presented on a screen for 2.5 seconds. Participants produced a sentence out loud with the target word (e.g., "The helicopter is in the sky"), after which they pressed a key to proceed to the next word. Sentences were not recorded but participants adhered to the specific task instruction of not using the same sentence for different words; sentences could be the same for each learning occasion. Recall trials were terminated if participants stopped verbally recalling items for more than 20 seconds. The experimenter recorded both the words and intrusions produced by participants. After the second free-recall test, the list was studied a third time, the distractor task was administered, and the list was tested again. Memory for each list was tested a fourth time in the next Session, 24 hours later. Finally, each list was tested for the fifth time with cued recall.
Testing flexibility
Evaluations were performed non-routinely and at a sensitive time for patients hence they had to be flexible, while maintaining an appropriate experimental control. Patients and controls completed the task either in the hospital (university, respectively) or at home, while using the same procedures (i.e., if a patient was tested at home in Session 2 they were matched to a control who was also tested at home). When at home, participants were tested using a CD on their own computer, while speaking to the experimenter over the telephone. They entered a code to access the program, ensuring participants were not exposed to the material prior to testing.
Analyses
An accelerated forgetting rate may be present on its own, or together with learning and/or retrieval deficits. As the focus of this study is on forgetting, we will discuss that measure first. Raw task performance scores are provided in supplementary Table S4 . 
Forgetting
Consolidation disruptions could be measured as an increase in forgetting rates (Averell & Heathcote, 2011; Wixted, 2004) . It is difficult to interpret the raw number of words forgotten without accounting for how many words were remembered initially (Loftus et al., 1985) . Consider two participants who recall 10 and 15 words in the early test, and 5 and 10 in the late test. Both forgot 5 words, representing 50% and 33% of the words initially recalled by the first and second participant, respectively. Forgetting rates were computed by dividing the number of words recalled in the later test by the number of words recalled in the earlier test, multiplied by 100. This measure compensates for initial recall levels and their potential drivers, including contextual emotional distress, learning problems, or difficulties with working memory, attention and concentration, factors which are therefore unlikely to affect forgetting rates.
Changes in rapid consolidation were explored by measuring immediate forgetting rates, namely, the difference between the second and third recall tests before (Session 2, (FR23−FR22)/FR22*100) and after treatment (Session 3, (FR33−FR32)/FR32*100). Changes in slow consolidation were explored by measuring delayed forgetting rates, namely the difference between the third and fourth recall tests, which were separated by 24 hours: once when both the study and the test occurred before treatment (Session 2 versus Session 1, (FR14−FR13)/FR13*100) and once when study occurred before treatment, but test occurred after treatment (Session 3 versus Session 2, (FR24−FR23)/FR23*100).
Learning
Learning scores were computed by averaging the percentage of words recalled in the two immediate free-recall tests of the same list. Two learning scores were computed: before treatment (Session 2, averaging FR21 and FR22) and after treatment (Session 3, averaging FR31 and FR32).
Retrieval
Retrieval indices included retrieval scores and intrusions. Retrieval deficit were suggested if cued recall improved performance relative to free recall more in patients than in controls, because cued recall reduces the need for organised search during retrieval by providing an aid. Scores were computed as the proportion of stimuli retrieved in the delayed cued recall relative to the preceding delayed free-recall test, multiplied by 100. Two retrieval scores were computed: before treatment (Session 2, (CR15 −FR14)/FR14*100) and after treatment (Session 3, (CR25 −FR24)/FR24*100). Similarly to forgetting rates, the retrieval scores cannot be affected by initial learning difficulties, although lower retrieval scores could indicate problems with executive control. Excessive intrusions could suggest non-adherence to task instructions and a potential frontal-dependent memory disruption (Baddeley & Wilson, 1988) .
Statistical analysis
Learning, immediate and delayed forgetting rates, and delayed retrieval rates were normally distributed, as evaluated with the Shapiro-Wilk test (Shapiro, Wilk, & Chen, 1968) . Data were analysed with repeated ANOVAs with the factors Group (patients/controls) and Session (before/ after treatment). For brevity, only significant results are reported (p < .05). We examined forgetting with two planned one-tailed t-tests of the difference between patients and controls following treatment, and for the difference between patients before and after treatment. For all normally distributed data we report Hedge's g effect size and its corresponding 95% confidence interval (CI, Borenstein, Hedges, Higgins, & Rothstein, 2009 ). Intrusions produced before and after treatment were not normally distributed, and were analysed with Mann-Whitney tests.
Statistical power
Recruitment difficulties reduced our planned sample substantially. We hence ran a compromise power analysis, in which the power is evaluated as a function of effect size (set at minimum 0.20), sample size (N = 10 per group), and an error-probability ratio (β/α) of 1 (i.e., equal probability of obtaining a difference through error or otherwise). It yielded a 71% probability of detecting small differences in our sample and a 61% probability to detect small differences if one covariate were included in the analysis (Faul, Erdfelder, Lang, & Buchner, 2007) .
Results
Group characteristics
The three sessions took place approximately 24 hours apart. There were no differences between groups on session-to-session intervals (first delay, t 18 = 1.95, p > .05; second delay, t 18 = −0.12, p > .05). On the distracter task, no participant in either group identified all the differences in the allocated time.
Matching groups on education resulted in an equal number of controls and patients with college or university degrees. Despite that, patients had a lower Full Scale IQ (FSIQ) than controls, albeit still in the normal range (t 18 = −3.02, p < .01). Because these scores have a moderate relationship with the Memory Quotient of the Wechsler Memory Scale, the lower score in patients could give rise to impairment in our task. By controlling for FSIQ, we account for any potential a-priori performance disadvantages in patients relative to controls. Similarly, covarying FSIQ could remove important variance because of these expected correlations (Miller & Chapman, 2001) . We therefore report analyses with and without FSIQ as a covariate.
For information purposes only, supplementary Table  S2 describes the neuropsychological performance of the final sample of patients versus controls. Available pretreatment results suggest that, as expected, patients may have experienced difficulties in working memory and concentration as previously reported in pre-treatment cancer patients (Cimprich, So, Ronis, & Trask, 2005) . Also expected was the absence of group differences on memory measures prior to treatment. Notably, the forgetting scores that we report below were computed to minimise the influence of executive difficulties at the time of encoding by computing them relative to baseline scores.
Delayed forgetting (a measure of slow consolidation)
All participants forgot over one day. Figure 3 depicts a significant interaction between Session and Group (F 1,18 = 7, p = .02), the only significant effect obtained in this analysis. This interaction remained significant when controlling for FSIQ (F 1,17 = 7.20, p = .02). Patients forgot significantly faster than controls after treatment (t 18 = 2.64, p = .032; g = 1.13, 95% CI = 0.22-2.04). Patients also forgot more after treatment than before treatment (t 9 = 2.12, p = .031; g = 0.75, 95% CI = −0.11 to 1.62). Individual participant data, depicted in Figure 3 , shows that the patients' accelerated forgetting after treatment was not a result of outlier results. The same results were obtained in the extended sample of N = 13 patients and their controls. This finding confirms our key hypothesis that the treatment delivered between the learning session and the delayed retrieval session would result in accelerated forgetting.
Immediate forgetting (a measure of rapid consolidation)
There was no forgetting across the 2-minute distractor task that separated the second and the third free-recall tests in both the N = 10 or N = 13 samples; performance on the later test was numerically higher than performance on the earlier test, possibly due to retrieval practice (Nunes & Karpicke, 2015) . No other effects were significant.
Learning
There was a significant Group effect (F 1,18 = 5.10, p = .03), indicative of learning difficulties in patients, which was maintained when including FSIQ as a covariate (F 1,17 = 4.30, p = .05). The same results were obtained in the extended sample of N = 13, but after controlling for FSIQ the Group effect was only marginally significant, p = .054. Note that forgetting scores could not be affected by these group differences in learning (see Methods). We have conducted additional analysis of the first and second learning trials in Session 1, and the first and second learning trials in the Sessions before and after treatment (Sessions 2 and 3). These analyses continued to show a main effect of Group which did not interact with any of the other factors. Hence, while the performance of patients, across learning trials, was generally lower than that of controls in all three sessions, we do not have evidence that patients failed to benefit to the same degree as controls from additional learning and retrieval experiences (Figure 4) . 
Delayed retrieval
None of the groups performed at ceiling, although all participants benefited from cues, suggesting that the cues were appropriate to the task but none of the effects were significant. The same results were obtained in the extended sample of N = 13, although the interaction between Group and Session was marginally significant before controlling for FSIQ, p = .06 ( Figure 5 ).
Intrusions (a measure of retrieval)
Patients produced more intrusions than controls, a difference that was significant after treatment (U = 16.5, p < .01), but not before treatment (U = 35.5, p = .28). The same results were obtained in the extended sample of N = 13. This may suggest a retrieval deficit, which was not captured by our retrieval score.
Discussion
This is the first investigation of acute memory impairments in nCNS cancer patients. We report the results of a small study investigating learning, forgetting rates, and retrieval in patients before and after their first dose of chemotherapy treatment. Recruiting to this cognitive study within weeks of diagnosis presented formidable challenges, so that over a period of 3 years we were only able to recruit a modest sample of 10 patients. Despite the small sample, the study did reveal three significant differences between patients and controls.
Our key finding was a treatment-related modulation of forgetting. After treatment, patients forgot more over a 24-hour period compared to controls, as measured by free recall. We also observed a significant increase in the number of intrusions patients produced after treatment. Finally, patients performed less well than controls on immediate free-recall tests both before and after treatment. We discuss these results below in light of the recruitment challenges and reflect on how these could be overcome in future studies.
Across both pre-and post-treatment testing sessions, patients' ability to learn and immediately recall what they have learned was poorer compared to that of controls. Previous work has established that cognitive performance in cancer patients prior to their treatment is decreased compared to controls , with documented poorer attention, executive functioning, or working memory (Cimprich et al., 2005; Menning et al., 2015) . These deficits could be caused by cancer-related frontal dysfunction (Rabbitt, Lowe, & Shilling, 2001) or contextual, transient concentration problems due to anxiety (Hermelink et al., 2015) . Anxiety and post-traumatic stress, in particular, have been documented in post-treatment cancer patients (Hermelink et al., 2015; Stark et al., 2002) , and vary in prevalence and severity along the disease trajectory (Traeger, Greer, Fernandez-Robles, Temel, & Pirl, 2012) . Some subclinical, contextual anxiety is expected before treatment (Traeger et al., 2012) , but, in our sample of patients, anxiety was not particularly increased, so it is a less likely cause for executive deficits. In summary, the learning difficulties patients demonstrated were independent of treatment and are likely related to deficits in executive functions, which have been previously documented in post-treatment patients. Importantly, our key measure of delayed forgetting was independent of initial learning ability, because forgetting rates were computed relative to immediate memory performance, thus controlling for baseline performance differences.
Our main finding was that, in agreement with our hypothesis, delayed forgetting over the course of 24 hours was increased in patients after their first treatment compared to controls and their own pre-treatment performance. The fact that we have demonstrated significantly accelerated forgetting in a relatively underpowered study suggests that the true effect size in the population could be large. This is an important finding because delayed forgetting is thought to be a marker of slow LTM consolidation (Hardt et al., 2013 ). We could not assess changes in rapid consolidation because our participants did not forget across a short 2-minute delay. Our finding suggests that cancer chemotherapy may have acute effects on slow consolidation in humans. This is the first time that cancer chemotherapy has been shown to have acute cognitive effects and that a drug treatment has been shown to accelerate human forgetting. If our findings are corroborated in future studies they could open up a new research avenue that will throw light on the nature of human LTM consolidation.
We used a demanding memory test -free recall, because it provides the best marker of accelerated forgetting in patients with hippocampal damage (Isaac & Mayes, 1999a , 1999b ). Yet the taxing nature of the task could lead to higher forgetting rates in the patient group due to potential retrieval difficulties, namely difficulties in the executive control of the retrieval process, rather than impaired consolidation that gives rise to weaker memory traces. To distinguish between these two possibilities, the task included a measure of the retrieval process (the degree to which cues facilitated retrieval of the studied material). This measure did not differ between patients and controls, supporting the interpretation that accelerated forgetting was caused by impaired slow consolidation rather than retrieval difficulties; however, given the small sample as well as the increased number of patient intrusions, null effects should be interpreted with caution. The second retrieval measure we incorporated (number of intrusions), demonstrated a treatment-dependent increase in patients, indicative of potential executive control problems after treatment. If patients suffered from impaired executive control after treatment they may have found it more difficult to access memory traces, even if they were preserved. Differentiating between the two types of deficits, if at all possible, would require a different experimental design with hypotheses that would build up on our findings.
Taken together, increased retrieval difficulties after treatment, possibly related to impaired executive functions, cannot be ruled out as an explanation of the observed accelerated forgetting after treatment, indicating the need for future work on this topic. In fact, recent work suggests that poor consolidation and retrieval difficulties are perhaps more closely intertwined than previously thought. Studies in animal models suggests that protein synthesis inhibition, which for many years was thought to cause amnesia by impairing slow consolidation, may not damage the engram cells themselves, but makes it more difficult for organisms to access those memories during memory tests (Ryan, Roy, Pignatelli, Arons, & Tonegawa, 2015; .
In conclusion, our findings indicate that patients forget faster than controls after their first treatment either because of treatment-dependent impairment of slow consolidation or because of retrieval difficulties associated with poorer executive functioning. Future studies should take special care to differentiate between disruptions to synaptic consolidation in the medial temporal lobe, and frontally mediated retrieval problems. This could be explored in imaging studies by adapting our task to compare changes in free and cued recall in immediate versus delayed tests and by measuring attention-related imaging markers continuously throughout the task. Future animal work could build on our findings to decide whether both frontal and medial temporal lobe regions are affected following the first treatment through a disruption of de-novo protein synthesis, necessary in slower consolidation processes.
Other factors could be considered in interpreting the accelerated forgetting and the larger number of intrusions in patients following treatment. First, these findings could be due to increased emotional distress and fatigue after treatment (Cimprich et al., 2005) . Our data do not allow us to completely rule out this interpretation because many of our patients failed to return the self-assessment questionnaires aimed at accounting for these effects. That said, there is no a-priori reason to believe that patients were more distressed during the post-treatment Session 3 than during the pre-treatment Session 2. Future studies should employ frequent measures of psychological distress. Second, these findings could be related to concomitantly administered medication, such as corticosteroids, administered for antiemetic prophylaxis and known to have effects on medial temporal lobe structures as well as consolidation (Brown, 2009 ). This possibility is unlikely because post-encoding administration of cortisol is known to attenuate rather than accelerate forgetting (McGaugh, 2002) . Finally, these findings could be due to the change of physiological context between the Sessions. It is possible that memory for materials studied in Session 2 has been associated with the treatment that was delivered soon afterwards, making it more difficult for patients than controls to access Session 2 materials during Session 3 (Gisquet-Verrier et al., 2015; McCullough & Yonelinas, 2013) . This possibility is less likely given that the physiological effects of the drugs would have continued to affect patients during Session 3. Putative effects of context shifts could be evaluated in future studies by administering a fourth Session and checking whether forgetting is accelerated also between Session 3 and Session 4. Larger studies, with a more homogenous treatment regimen, would also help assess context effects by utilising designs that are informed by the time-course of drug action.
Significant restrictions were imposed from the outset by recruiting patients at an emotionally stressful time, after diagnosis and before treatment onset. They were also posed by the general difficulties in recruiting patients to psycho-social oncology studies in the UK (Ashley, Jones, Velikova, & Wright, 2012) , especially for cognitive studies (Shilling, Jenkins, Fallowfield, & Howell, 2003) . Recruitment difficulties meant that despite our best efforts over the course of three years, we only achieved a final sample of 10 patients. Therefore, although we attempted to evaluate patients' neuropsychological status and adhere to the recommendations of the ICCTF (Wefel et al., 2011) , not all of our patients completed the battery, and our interpretation of the memory deficits we observed relies on the pattern of patients' performance on our central memory task, which had its own in-built controls. Recruitment challenges could be overcome in future research by investing more in raising awareness about the scientific evidence for cancer and treatment-dependent cognitive impairments in survivors. For us, recruitment difficulties were only partly overcome by our simplified and brief testing procedure and the use of a flexible computerised task. Future studies could look at further simplifying the delivery of tests by using pencil-and-paper instruments or online assessments, depending on the demographic of the cancer group. Although our sample size does not detract, but rather underscores, the magnitude of the significant effects we obtained, it does mean that we cannot interpret null effects. Clearly, it is critically important to replicate our findings in more highly powered studies.
Despite their limitations, our results are unique in highlighting treatment-related cognitive deficits in working age cancer patients relative to controls. We hope that our results will encourage others to pursue large sample investigations of memory processes that will pinpoint the biological mechanisms underlying acute and long-term structural brain treatment-related change in nCNS cancer patients, and encourage the development of strategies to mitigate these effects on survivors' lives.
